Phytoplankton photosynthesis is a critical flux in the carbon cycle, accounting for approximately 40% of the carbon dioxide fixed globally on an annual basis and fuelling the productivity of aquatic food webs. However, rapid evolutionary responses of phytoplankton to warming remain largely unexplored, particularly outside the laboratory, where multiple selection pressures can modify adaptation to environmental change. Here, we use a decade-long experiment in outdoor mesocosms to investigate mechanisms of adaptation to warming (+4 °C above ambient temperature) in the green alga Chlamydomonas reinhardtii, in naturally assembled communities. Isolates from warmed mesocosms had higher optimal growth temperatures than their counterparts from ambient treatments. Consequently, warm-adapted isolates were stronger competitors at elevated temperature and experienced a decline in competitive fitness in ambient conditions, indicating adaptation to local thermal regimes. Higher competitive fitness in the warmed isolates was linked to greater photosynthetic capacity and reduced susceptibility to photoinhibition. These findings suggest that adaptive responses to warming in phytoplankton could help to mitigate projected declines in aquatic net primary production by increasing rates of cellular net photosynthesis.
T he formation of organic carbon by phytoplankton (net primary production, NPP) is a key flux in the carbon cycle 1, 2 , contributing to nearly half of the carbon dioxide fixed globally on an annual basis 3, 4 . There are currently major concerns that global warming will reduce aquatic NPP, due to increased nutrient limitation 5 , and because rates of respiration and zooplankton grazing tend to be more sensitive to rising temperatures than those of photosynthesis [6] [7] [8] . These projections, however, do not account for the capacity for phytoplankton to adapt rapidly to environmental change. Although ample evidence for rapid evolutionary responses in phytoplankton to warming exists [9] [10] [11] , our current understanding is based on highly simplified laboratory experiments, where populations are allowed to adapt free from natural enemies or competitors and where individual abiotic variables are manipulated in isolation. Consequently, we lack understanding of the mechanisms that govern evolutionary responses of phytoplankton to warming in sufficient detail and under a realistic ecological context, to capture the dynamics of thermal adaptation in models of aquatic biogeochemistry [5] [6] [7] [8] . Phytoplankton growth depends on the balance between gross photosynthesis (P) and respiration (R) 12 . Crucially, as rates of R rise more rapidly with increases in temperature than do rates of P, the amount of carbon that can be allocated to growth after accounting for R declines rapidly as temperatures rise 10 . This imposes a physiological constraint on growth after acute exposure to high temperatures. Laboratory experiments have shown that phytoplankton can overcome this constraint and rapidly adapt to warming by down-regulating rates of R, thereby increasing the potential for carbon to be allocated to growth 10 . If general, this suggests that the mechanism underpinning evolutionary responses to warming in phytoplankton might also help to offset the short-term, exponential effects of temperature on rates of phytoplankton respiration and projected declines in aquatic primary production [6] [7] [8] . However, along with the vast majority of microbial evolution experiments, this mechanism was identified in isolated populations, evolving under controlled conditions in the laboratory. These experiments allow for highly controlled and replicated hypothesis testing, but their applicability in nature may be limited if interactions with other species and/or other components of the abiotic environment influence evolutionary responses to environmental change [13] [14] [15] . Here, we leverage a decade-long warming experiment in outdoor mesocosms 16 ( Supplementary Fig. 1 ) to investigate the mechanisms of thermal adaptation in the green alga Chlamydomonas reinhardtii, embedded in complex, semi-natural ecosystems. Experimental warming has caused fundamental changes to the structure and biodiversity of the phytoplankton communities in these systems 17 ; however, several highly abundant core taxa, including C. reinhardtii, are cosmopolitan across the warmed (+ 4 °C) and ambient mesocosms. This experimental system therefore provides an opportunity to quantify the mechanisms of adaptation to warming in the context of naturally assembled communities. In line with laboratory experiments on the green alga Chlorella vulgaris 10 , we hypothesized that evolutionary changes in metabolic traits, which increase net photosynthesis and thereby the potential for carbon . Other factors beyond temperature also differ between the treatments following a decade of experimental warming, for example, differences in the composition of competitors and/or consumers 17 and could drive a trade-off that limits invasion in situ that we would not observe in our simple temperature manipulation experiments.
Differences in photochemistry between warmed and ambient isolates. In phytoplankton, growth ultimately depends on the rate of net photosynthesis (NP), that is, the amount of carbon fixed by P remaining after losses attributable to R
18
. Therefore, we explored whether the higher competitive fitness of the warm-adapted isolates, particularly at higher temperatures, was related to higher rates of photosynthesis. We characterized key indicators of photosynthetic performance at the common growth temperature (18 °C). We observed marked differences in the response of NP to irradiance, measured by O 2 evolution (Fig. 3a) . Warm-adapted isolates had substantially greater maximum rates of NP on a per cell basis and rates peaked at higher irradiances ( Fig. 3a; Supplementary Tables 2  and 3 ). These divergences were also reflected in photochemical traits measured via fast repetition rate fluorometry (FRRF). The relative rate of photosynthesis (rP), which is an estimate of electron transport through photosystem II (PSII), differed between the warmed and ambient isolates in much the same way as NP, with maximum rates of rP significantly higher in the warm-adapted isolates ( Fig. 3b ; Supplementary Tables 2 and 3 ). The proportion of PSII reaction centres in a closed state (C) was substantially lower in warmed isolates, particularly at high irradiance (Fig. 3c) . Together, the O 2 evolution and fluorometry data indicate a greater overall capacity for photosynthesis in the warmed isolates, which is further supported by higher cellular concentrations of chlorophyll a (chl a; non-sequential type III ANOVA: F 1,17 = 14.97, P = 0.001; Fig. 3f ).
The warmed and ambient isolates also diverged markedly in their susceptibility to photoinhibition. Rates of NP via O 2 evolution saturated at 414 μ mol quanta m −2 s −1 in the ambient isolates, after which they became strongly photoinhibited, declining to zero at around allocation to growth, will also play a role in adaptation to long-term warming in populations of C. reinhardtii embedded in complex semi-natural ecosystems.
Results
Patterns of local adaptation. We measured population growth rates across a gradient of eight temperatures (16-42 °C) to determine whether the traits that characterized the thermal dependence of growth differed between warmed and ambient isolates. T h , which determines the upper temperature at which growth rates are 50% inactivated (see equation (5) in Methods), was the only parameter that differed significantly between warm and ambient isolates ( Fig. 1a; Supplementary Tables 4 and 5 ). As the thermal optima, T opt , depend on T h (see equation (6) in Methods), maximum growth rate was achieved at higher temperatures for isolates from the warmed mesocosms (ambient: 27.5 ± 0.32 °C (mean ± standard error); warmed: 29.12 ± 0.55 °C; Fig. 1b) . At 30 °C, C. reinhardtii from the warmed mesocosms divided 1.5-fold faster than their counterparts from the ambient mesocosms.
We further investigated patterns of local adaptation by quantifying the competitive fitness of the warmed isolates in all possible pairwise combinations of warmed versus ambient isolates at 16 and 34 °C. Warm-adapted isolates had higher competitive fitness at both 16 and 34 °C ( Fig. 2 ; likelihood ratio test comparing models with and without 'assay temperature': Δ d.f. = 1, χ 2 = 90.91, P < 0.0001). Despite their higher fitness overall, we also found that competitive fitness of the warmed isolates increased significantly between 16 and 34 °C (post-hoc Tukey test: z = 3.8, P < 0.001) and, in consequence, the fitness of the ambient isolates declined between 16 and 34 °C. These findings suggest that a trade-off is likely to exist but that 16 °C was not cold enough to observe a complete reversal of competitive dominance between the warmed and ambient strains. Indeed, minimum 
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show that light-dependent electron transport in the ambient isolates continues at high irradiance while O 2 evolution is close to zero. A possible explanation for this difference is that a large proportion of the electron flux is driving O 2 photoreduction via the Mehler reaction 19 or the plastid terminal oxidase 20 , resulting in a potentially photoprotective water-water cycle 21 . Clearly, however, O 2 photoreduction in the ambient isolates was still insufficient to prevent chronic photoinhibition. The warmed isolates most probably maintained a sufficiently high CO 2 assimilation capacity to allow a high electron transport rate to support development of greater levels of non-photochemical quenching, NPQ ( Fig. 3e ; Supplementary  Tables 2 and 3 ). These results highlight that adaptation to warming conferred an apparent decrease in susceptibility to photoinhibition. While identification of the precise mechanism of the difference in photosynthetic characteristics of the ambient and warmed isolates requires further investigation, our data suggest that the evolution of increased tolerance to high temperatures (and therefore greater kinetic energy) is also associated with higher photosynthetic capacity and increased tolerance to high irradiance.
Adaptation to warming is linked to increased photosynthesis.
To investigate further how differences in metabolism contribute to the increased fitness of the warm-adapted isolates, particularly at high temperatures, we quantified the responses of P and R to acute variation in temperature. As expected from the photosynthesisirradiance curves, isolates from the warmed mesocosms had significantly higher rates of temperature-normalized gross photosynthesis (P(T c )), inactivation energies (E h ) and T h ( Fig. 4 ; Supplementary Tables 4 and 5 ). Hence, rates of photosynthesis were generally greater and peaked at higher temperatures in the warm-adapted isolates (T opt ambient: 31.4 ± 0. 60 °C, T opt warmed: 36.0 ± 0.75 °C). For respiration, E h and T h were significantly higher in the isolates from the warmed mesocosms (Supplementary Table 4 and 5), meaning that rates of respiration also peaked at higher temperatures (ambient: 29.7 ± 0.91 °C, warmed: 37.6 ± 0.58 °C). Together, these analyses demonstrate substantial shifts in the traits that characterize the thermal responses of photosynthesis and respiration. A key question, 1,000 μ mol quanta m −2 s −1 (Fig. 3a) . The warmed isolates exhibited no such photoinhibition of NP (Fig. 3a) . In support of these findings, the maximum quantum efficiency of PSII (F v /F m ) was higher in the warmed isolates (Kruskal-Wallis test: χ 1 2 = 9.1, P = 0.003) and photo synthetic efficiency (Φ PSII ; proportion of the total light absorbed by PSII that is used in photochemistry) in the warmed isolates exhibited a less pronounced decline with increasing irradiance than in their ambient counterparts (Fig. 3d) . Notably in the ambient isolates, saturating irradiance was much higher for rP (optimal light intensity, I opt = 1,835 μ mol quanta m −2 s ) in the warmed isolates were comparable (Fig. 3a,b) . These data show higher maximum rates of NP and saturating irradiance in the warmed isolates. b, Rates of electron transport through PSII (rP) quantified by FRRF also differ between warmed and ambient isolates with higher maximum rates in the warmed isolates. However, note that rP in the ambient isolates continues to increase at irradiances above 500 μ mol m −2 s −1 while O 2 evolution declines, suggesting O 2 photoreduction. c, The proportion of PSII reaction centres in a closed state, C, is lower in the warmed isolates, indicating greater photosynthetic capacity. d, The photochemical efficiency of PSII (Φ PSII ) was consistently higher and declined less steeply with increasing irradiance in the warmed isolates, highlighting a reduced susceptibility to photoinhibition. e, NPQ at high irradiance is substantially higher in the warmed isolates. f, Cellular concentrations of chl a were also higher in the warmed isolates, in line with their greater photosynthetic capacity and efficiency. Data are plotted as treatment means with error bars ± 1 s.e.m. Fitted lines are derived from the fixed effects of the mixed effects models. Black denotes ambient treatments, red indicates warmed treatments. isolates. a, The acute thermal responses of per capita P show that warmed isolates have substantially higher specific rates of gross photosynthesis, P(T c ), and optimal temperatures, T opt than their ambient counterparts. b, Acute thermal responses for R demonstrate higher values for T opt and the inactivation energy, E h , in the warmed isolates. These data provide suggest evolved differences in the metabolism of isolates of C. reinhardtii from the warmed and ambient mesocosms. Data are plotted as treatment means with error bars ± 1 s.e.m. Fitted lines are derived from the fixed effects of the mixed effects models fitting the Sharpe-Schoolfield equation, equation (5), to the rate data. Black denotes ambient treatments, while red indicates warmed treatments.
ARTICLES NATURE ECOLOGY & EVOLUTION
therefore, is whether evolutionary shifts in these metabolic traits contribute to enhancing the fitness of the warm-adapted isolates.
The average activation energy, E a , which characterizes how metabolic rates increase below T opt , was higher for R than P in both warmed and ambient isolates (Suppplementary Table 5 ), in line with previous work on green algae and vascular plants 6, 10, 22 . Consequently, R increased proportionately more with rising temperature than did P, meaning that the amount of P available for allocation to growth declined with acute increases in temperature. Warm-adapted isolates overcame this physiological constraint and were therefore fitter than the ambient isolates, particularly at higher temperatures, by up-regulating rates of P(T c ), which served to increase the amount of photosynthetic carbon that could be allocated to growth. Note that the higher rates of photosynthesis in the warm-adapted isolates cannot be attributed to changes in cell size. We found no evidence for differences between warmed and ambient isolates in either the magnitude of plasticity in cell size (indexed by the gradient of the reaction norm for cell size with temperature) or average cell size at a given assay temperature ( Supplementary Fig. 4 ).
If increases in P(T c ) and optimal temperatures for P translate into higher rates of NP, then these shifts in metabolic traits could provide a mechanistic basis for the observed patterns of local thermal adaptation in community-embedded populations of C. reinhardtii. Consistent with this reasoning, we found evidence for significant main effects of 'assay temperature' and 'selection environment' on rates of cellular NP ( Fig. 5a ; likelihood ratio test comparing models with and without 'assay temperature':
.38, P < 0.001; to a full model with both main effects). Consequently, warm-adapted isolates had rates of NP that were 3.5-fold higher on average, compared with those from ambient mesocosms. On an isolate-by-isolate basis, we also saw that pairwise differences in NP between all combinations of warmed versus ambient isolates were positively correlated with the competitive fitness of the warmed isolates, indicating that isolates with high photosynthetic rates tended to outcompete those with low rates of NP ( Fig. 5b ; likelihood ratio test comparing models with and without 'Δ NP' as a covariate: Δ d.f. = 1, χ 2 = 12.46, P < 0.05). Furthermore, the magnitude of the pairwise fitness and photosynthetic differentials were largest at 34 °C (likelihood ratio test comparing models with and without 'assay temperature' as a factor: Δ d.f. = 2, χ 2 = 62.22, P < 0.001), where the warm-adapted isolates had substantially higher rates of NP and competitive fitness (Fig. 5b) . Notably, however, higher photosynthetic rates were clearly not the only mechanism at play, because one of the isolates (pond 8) outcompeted its ambient counterparts at 16 °C, despite having lower average rates of NP (Fig. 5b) . Thermal adaptation may have also altered cellular nitrogen and phosphorus quotas 23, 24 in the warmed and ambient isolates, which could in turn impact on nutrient limitation, exudation of excess photosynthate and the coupling between growth, fitness and NP 25 . Indeed, a detailed understanding of the potential interactions between warming, nutrient limitation and adaptation could help account for some of the unexplained variation in the coupling between competitive fitness and net photosynthesis, and merits further investigation in future work. Nevertheless, the positive correlation between differentials of cellular net photosynthesis and competitive fitness on an isolate-byisolate basis suggest that increases in photosynthetic capacity played an important role in the adaptation of C. reinhardtii to warming under ecologically realistic, semi-natural conditions.
Discussion
Understanding the capacity, variability and mechanisms that shape evolutionary responses of phytoplankton to warming is central to 
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responses of phytoplankton to warming are possible within time frames of months to years 9, 10 . However, experiments investigating evolutionary responses to environmental change in algae have thus far dealt with greatly simplified conditions, maintaining an enemy-and competition-free space, and changing individual environmental variables in isolation. Our work builds on this knowledge by quantifying adaptive responses in C. reinhardtii in a semi-natural field setting to a decade of experimental warming. The outdoor mesocosms were originally seeded with a diverse assemblage of taxa, each of which consisted of heterogeneous populations probably comprising many genotypes. The mesocosms are also open to natural dispersal among the ponds and from the regional species pool. Consequently, local adaptation of C. reinhardtii to warming occurred in the context of heterogeneous founder populations and metapopulation dynamics (for example, dispersal, colonizations and local extinctions). As will be true of natural populations adapting to environmental change, the evolutionary divergence we observed will have occurred through a combination of selection acting on existing standing genetic variation within the founder-and meta-population, as well as de novo mutations. Our findings demonstrate that increased rates of cellular net photosynthesis played an important role in the adaptive response of C. reinhardtii to warming. This result is in qualitative agreement with a recent laboratory selection experiment on the green alga C. vulgaris, which showed that adaptation to elevated temperature was related to increases in the efficiency of photosynthetic carbon allocation to growth 10 . However, in C. vulgaris, increases in carbon availability were mediated by a decline in rates of respiration 10 as opposed to increases in photosynthetic rates observed here. Although the two experiments are in broad agreement, in that evolutionary shifts in metabolic traits mediate adaptive responses to warming, direct quantitative comparison should be interpreted cautiously, given the substantial differences in the temporal (months versus years), spatial (isolated flask versus open outdoor system) and organizational (population versus ecosystem) scales between the two studies. Nevertheless, if increases in photosynthetic carbon fixation are a general feature of adaptive responses of phytoplankton to warming, they could, at least partially, offset predicted declines in the carbon sequestration of aquatic ecosystems 2, 5, 7, 16, 17 owing to the exponential effects of temperature on respiratory CO 2 production.
Methods
The mesocosm experiment. Twenty freshwater mesocosms, each holding 1 m 3 , were set up in 2005 to mimic shallow lake ecosystems 26 . They are situated at the Freshwater Biological Association's river laboratory (2° 10′ W, 50° 13′ N) in East Stoke, Dorset, UK (see Supplementary Fig. 1 ). Ten replicate mesocosms have been warmed to 4 °C above ambient temperature in accordance with the Intergovernmental Panel on Climate Change A1B global warming projections 27 . Warming is achieved by an electronic heating element connected to a thermocouple, which monitors the temperature in a given heated and unheated treatment pair. The mesocosms were seeded in December 2005 with organic substrates and a suite of organisms from surrounding natural freshwater habitats, and were then left open to natural colonization and dispersal mediated community assembly. We have previously shown that the warmed mesocosms have higher algal species richness, greater biomass and faster rates of in situ photosynthesis 17 . Crucially, however, temperature is the principal abiotic factor in the experiment; other variables (such as nutrient availability, light, day length) that are typically confounded with temperature along natural geographic or altitudinal gradients are consistent between the warmed and ambient treatments. This study system therefore provides a powerful tool to investigate evolutionary responses to climate change, because it enables characterization of adaptation to warming under complex semi-natural conditions, yet retains some of the control and replication afforded by an experimental approach.
Lineage isolation and culture. We isolated Chlamydomonas, a known cosmopolitan and highly abundant genus in the heated and ambient mesocosms 17 , by first passing water through a 45 μ m and then a 20 μ m filter, followed by serial dilution and streaking the isolate on to agar-filled pipette tips turned towards a light source (enabling identification and isolation of motile autotrophs).
Organisms putatively identified as Chlamydomonas were then grown on agar plates infused with Bold's basal medium (BBM). Colonies were then picked under a microscope, transferred back into liquid culture (autoclaved, filtered water taken from rainwater holding tanks at the mesocosm experiment supplemented with BBM at 1/3 the standard concentration) and kept at 18 °C (the average daytime temperature across treatments at the time of sampling) in a common garden for two weeks in semi-continuous batch culture (see also Supplementary Fig. 2 ). Taxonomy of Chlamydomonas was confirmed by microscopy and using PCR followed by Sanger sequencing within the 18S sequence using a set of primers with forward sequence GAAGTCGTAACAAGGTTTCC and reverse sequence TCCTGGTTAGTTTCTTTTCC. Positive controls were run using p23 primers amplifying in the RuBisCO region, with forward GGACAGAAAGACCCTATGAA and reverse TYAGCCTGTTATCCCTAGAG. This yielded 18 of the 20 isolates with an at least 99% Basic Local Alignment Search Tool (BLAST) match for C. reinhardtii, 8 from heated and 10 from ambient mesocosms (see Supplementary Table 1 ). These were used throughout the experiments and the other 2 samples were discarded. BLAST matches based on 18S region results cannot always guarantee correct identification to the species level. However, C. reinhardtii was known to be present in the mesocosms based on surveys in 2007 and 2012 16, 17 , and is further discernable under the microscope from another cosmopolitan Chlamydomonas species in the mesocosm system, C. globosa 28 . We constructed a phylogenetic tree displaying the sequences from the isolates used in the experiments, alongside the C. reinhardtii BLAST hits that had the highest percentage identity to our samples and several other common chlorophytes: C. globosa, Lobochlamys and C. vulgaris. The tree was built on 'clustalw' alignment data in the 'phangorn' package in R and subsequently imported into FigTree 29 . The figure shows that isolates from the mesocosm experiment cluster with one another and with known Chlamydomonadaceae, but are on a separate branch to C. vulgaris.
Thermal response of growth and cell size.
To determine how population growth, a proxy for fitness, and cell size, a trait that we expect to be highly phenotypically plastic, depended on temperature, isolates were grown at eight temperatures (16, 18, 22, 26, 30, 34 , 38 and 42 °C) in parallel. The isolates were inoculated into mesocosm water amended with BBM to a starting density of 100 cells ml −1 , and cell densities and size were tracked daily on a flow cytometer (BD Accuri C6). Populations were transferred to fresh media once at each temperature during the middle of the logarithmic phase of growth, before being left to reach stationary phase. Abundance data were then fitted to a modified Gompertz model 30 using non-linear regression to estimate population growth rates at each assay temperature.
Non-linear curve fitting of Gompertz growth model was carried out using the 'nlsLM' function in the R package, 'minpack.lm' 31 , which uses the LevenbergMarquardt optimization algorithm. Parameter estimation was achieved by running 1,000 different random combinations of starting parameters picked from a uniform distribution and retaining the parameter set that returned the lowest Akaike information criterion (AIC) score.
We took two approaches to calibrating cell size from the forward scatter values returned by the flow cytometer. In the first, mixed communities taken from the mesocosms were passed through filters of different sizes (1, 2, 4, 5, 10, 20 and 40 μ m) to create a known upper threshold for size. These filtered samples were then run on the flow cytometer along with calibration beads of known size (3-5 μ m) and cross-checked under the microscope using the ImageJ software. In the second, we ordered axenic species of known size from a culture collection (see Supplementary Fig. 5 for details) and measured their average cell size (at least 100 images per species) using ImageJ software, while simultaneously running them on the flow cytometer. The data were then pooled to create calibration curves that allow for calculating cell size from the forward scatter (see Supplementary Fig. 5 ). Note that the calculated cell diameters are still approximate values and should be treated as such, but relative changes in cell size (for example, across different assay temperatures and treatments) remain valid and informative.
Photochemical traits. Photosynthesis measurements were made on all isolates when in the middle of the logarithmic phase of population growth. Aliquots (50 ml) of the populations were concentrated through centrifugation to a density of approximately 10 5 cells ml −1 and acclimatized to the assay temperature for 15 min in the dark before measuring metabolic rates. Photosynthesis-irradiance curves were quantified from 0 to 2,000 μ mol m −2 s −1 at the common garden temperature (18 °C) using two approaches. First, NP was measured as O 2 evolution in a Clarktype oxygen electrode (Hansatech Ltd, King's Lynn, UK, Chlorolab2) at increasing light intensities in intervals of 50 μ mol
, and then in intervals of 100 μ mol −1 m −2 s −1 up to 1,000 μ mol −1 m −2 s −1 , followed by 200 μ mol steps up to 2,000 μ mol
Rates of R were measured as O 2 consumption in the dark and P was estimated as P = NP + R. Rates were expressed on a per cell basis by normalizing by cell counts from each aliquot. Alongside the cell counts for phytoplankton, samples were also stained for bacterial load at the end of each run. Densities of bacteria were low (ca. 100 cells ml where P(I) is the rate of photosynthesis at light intensity I, P max is the maximum rate of photosynthesis at I opt , α controls the rate at which P(I) increases up to P max and R is the rate of respiration (that is, the rate of O 2 flux when I = 0). We fitted the rate data to equation (1) using a non-linear mixed effects model via the 'nlme' package in R. The mixed effects model allowed us to account for the unbalanced design of our experiment (for example, eight warmed replicate isolates and ten ambient isolates) as well as its hierarchical nature (for example, replicate-level responses nested within the overall response across all replicates). Model fitting entailed starting with the most complex possible model, which included random effects by replicate on each of the parameters of equation (1) and 'selection environment' as a fixed two-level factor (for example, a 'heated' or an 'ambient' isolate) on each parameter. Random effects were removed when the estimated variances were very low, indicating an over-parameterized model. The significance of differences between 'warmed and 'ambient' isolates in each of the model parameters were determined through likelihood ratio tests on nested models with and without the 'selection environment' treatment.
Model simplification stopped when all coefficients were significant (P < 0.05).
The final models were then refitted with restricted maximum likelihood for parameter estimation.
We also characterized a range of photochemical parameters using FRRF (FastPro8, FRRf3, Fast Ocean System Chelsea Technology Group) 34 . This entailed adding 100 μ l of dilute sample (cell count less than 1,000 cells ml −1 ) to 5 ml of fresh culture medium. Samples were then pre-incubated in the dark at 18 °C (temperature of the common garden) for 15 min in a water bath, and another 10 min in the FRRF to make sure that they were fully dark acclimated and all reaction centres closed. Photochemical traits (see below for details) were measured in response to rapid flashes at increasing light intensities from 0 to1,900 μ mol m
. Flash frequency and rate followed standard protocols for green algae 34 , with 100 flashes of 1.1 μ s at 1 μ s intervals. Peak emission wavelengths of the LEDs used for excitations were at 450, 530 and 624 nm. Of the parameters returned by the FRRF, rP, NPQ, C and Φ PSII were particularly relevant to our study, as they describe the light responses of photosynthetic efficiency and susceptibility to photoinhibition. rP data indicate the relative rate of photosynthesis in response to irradiance and are obtained as an estimate of electron transport through PSII. NPQ is a measure of the cell's ability to maintain photochemical function at high light intensities. C describes the proportion of PSII reaction centres in a closed state. Φ PSII values are an indication of the proportion of the total light absorbed that is used in photochemical reactions in PSII.
To investigate the light response of the above parameters statistically, rP data were fitted to equation (1) as described above for O 2 evolution data. NPQ data were fitted to a logistic model (using 'SSlogis' in the 'nlme' package in R) with:
where NPQ Asym describes the asymptote of the logistic function, I mid the inflection point of the curve, where NPQ(I mid ) is NPQ Asym /2. I scal is a numeric scaling factor for I, the irradiance. C was fitted to a Michaelis-Menten function:
max s
where C max is the maximum value of C and K s is the half-saturation constant, which gives I where C is half of its maximum value. We fitted Φ PSII data to an exponential decay function:
where a is a normalization constant and b is the rate constant that characterizes how rapidly Φ PSII declines with increasing I. Equations (1) to (4) were fitted to the FRRF data with non-linear mixed effects models that included random effects by replicate on each parameter and 'selection environment' as a fixed two-level factor (for example, a 'warmed' or an 'ambient' isolate) on each parameter. Model selection proceeded in the same manner as described above for O 2 evolution data. Details on model selection and analysis of the results can be found in Supplementary Tables 2 and 3 (nomenclature and acronyms as given here). Dark adapted F v /F m , which gives the maximum potential efficiency of PSII, was analysed using a Kruskal-Wallis test on ranked data to account for unequal variance between treatments. F v is the difference between maximum fluorescence and minimum fluorescence, that is, it is a measure of the dark-adapted fluorescence. F m is the maximum fluorescence. F v /F m is a normalized ratio created by dividing variable fluorescence by maximum fluorescence.
Chl a content of the samples was measured using average per cell FL3 fluorescence as returned by an Accuri C6 flow cytometer. Calibration curves were established by regressing the average per cell FL3 fluorescence against chl a content (pg chl a cell −1 ), measured on a spectrophotometer after pigment extraction in acetone. As with the size calibration data, although the absolute values of chl a are approximate, they nevertheless facilitate comparisons between treatments. We tested for differences between warmed and ambient isolates using a one-way ANOVA because the variance between treatments was approximately equal. To account for the unbalanced design, the ANOVA was carried out as a non-sequential type III ANOVA on unweighted means using the ' Anova' function in the 'car' package in R.
Quantifying thermal responses of growth and metabolism. Thermal tolerance curves for P at I opt and R in the dark were quantified from 14 to 46 °C. Population growth (μ max , Gompertz growth model) and per capita metabolic rates (that is, P and R) followed a unimodal response to temperature that could be quantified using the four-parameter Sharpe-Schoolfield model, which assumes that there is a single rate-limiting enzymatic reaction that is reversibly inhibited by temperature: 
, E a is an activation energy (in eV) for the metabolic process, T is temperature in Kelvin (K), E h characterizes temperature-induced inactivation of enzyme kinetics above T h , where half the enzymes are rendered non-functional and b(T c ) is the rate of metabolism normalized to an arbitrary reference temperature, T c = 18 °C, where no low or high temperature inactivation is experienced. Equation (5) yields a maximum metabolic rate at an optimum temperature, where metabolic rates are fastest:
The parameters b(T c ), E a , E h , T h and T opt represent traits that together characterize the metabolic thermal response. We consider the parameters of this model to be traits that we expect to differ between isolates from the warmed and ambient mesocosms, reflecting local adaptation to the different temperature regimes. To test our hypotheses, we fitted the rate data to equation (5) using a nonlinear mixed effects model via the 'nlme' package in R. Models included random effects by replicate on each of the parameters of the Sharpe-Schoolfield equation and 'selection environment' as a fixed two-level factor (for example, a 'warmed' or an 'ambient' isolate) on each parameter. Model selection proceeded in an identical manner to that described above. Results of model selection are detailed in Supplementary Tables 4 and 5 .
Phenotypic plasticity in cell size. Cell size can exhibit substantial phenotypic plasticity (and does here) and vary as a function of temperature 35 . We therefore quantified the magnitude of phenotypic plasticity from the slope of the linear reaction norm of cell size with respect to temperature. To assess whether plasticity on cell size (slope) and/or cell size per se (intercept) differed between warmed versus ambient isolates, we fitted the cell size data to a linear mixed effects model, including random slopes and intercepts by replicates and 'assay temperature' (continuous covariate from 16 to 42 °C) and 'selection environment' (two-level factor, 'warmed' or 'ambient') as potentially interacting fixed effects. Model selection proceeded in an identical manner to that described above for the nonlinear thermal reaction norms.
Determining competitive fitness. Competitive fitness was determined among all possible pairwise combinations of the warmed versus ambient isolates at both a high and a low temperature, yielding 160 combinations. Based on the outcome of the growth thermal responses, 16 and 34 °C were chosen to run the competition assays, as 34 °C was close to the optimum temperature for the warmed isolates and beyond the optima for the ambient isolates, and 16 °C was the average daytime temperature of the ambient mesocosms at the time of sampling. Assays were carried out in 12 well plates with inserts that had a 0.4 μ m membrane base inserted into the well (Thinsert), allowing for extracellular products and nutrients to pass between the compartments while preventing the cells from doing so, enabling effective enumeration of each isolate in co-culture. We had previously established from the thermal responses of population growth that cells would be within the exponential phase at both assay temperatures at five days after inoculation. Specific growth rate, μ (d where N 1 is cell density after five days, N 0 is the initial cell density, and Δ T is the time passed between measurements in days. Cell counts were made using flow cytometry. Competitive fitness of the warmed isolates was then calculated as the difference in specific growth rate between a warmed isolate, μ i . and an ambient isolate, μ j : Δ μ ij = μ i − μ j .
As each warmed isolate was competed against all ambient isolates at two assay temperatures, these data have an inherent correlation structure in which fitness
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coefficients for a given isolate will be auto-correlated. We therefore analysed these data using a linear mixed effects model. We accounted for non-independence in fitness coefficients derived from a given focal isolate by including its identity as a random effect on the intercept of the model. ' Assay temperature' (16 and 34 °C) was then modelled as a fixed factor and we used a post-hoc Tukey test ('glht' in the 'multcomp' package in R) to determine whether competitive fitness of the warmed isolates was significantly different from zero at 16 and 34 °C, and whether coefficients at 16 °C differed significantly from those at 34 °C.
Linking competitive fitness and metabolism. We hypothesized that increased photosynthesis was an important determinant of adaptation to warming. To test this hypothesis, we assessed whether rates of NP differed between warmed versus ambient isolates at the two assay temperatures in which the competition trials were carried out (for example, 16 and 34 °C). We analysed these data using a linear mixed effects model to account for the hierarchical and unbalanced nature of the data. Replicate-level variation was treated as a random effect on the intercept of the model and assay temperature (16 and 34 °C), and selection environment ('warmed' or 'ambient') were modelled as potentially interacting fixed factors. Model selection was as described above.
Finally, we assessed whether evolved differences in rates of NP between warmed and ambient isolates were a driver of competitive fitness. To do so, we determined whether pairwise differences in NP between warmed and ambient isolates, Δ NP ij = NP i − NP j , were a significant predictor of the competitive fitness of the warmed isolates, Δ μ ij = μ i -μ j , where i and j denote the rates of NP and μ for warmed isolates i and ambient isolates j, respectively. As before, because any given isolate was competed against all others from the opposing treatment, these data have an inherent autocorrelation structure. We therefore analysed these data using a linear mixed effects model in which the competitive fitness was the dependent variable, Δ NP ij was a continuous covariate and assay temperature (for example, 16 and 34 °C) was a fixed factor. We accounted for non-independence in the data by including isolate identity as a random effect on the intercept of the model. Model selection was as described above.
Data availability. 18S sequences are stored in Genbank (see Supplementary  Table 1 for accession numbers). Data used for graphs and analysis are available in Supplementary Data 1.
